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Abstract

Using accurate band structures of InAs, InSb, and two Hgl_xCdxTe alloys, we calculate the change in

refractive index caused by the photoexcited electrons and holes. The effect of both free-carrier absorption

(FCA) and one-photon absorption are considered. We find that the change in refractive index varies

nonlinearly with the density of photoexcited carriers and that the generally neglected FCA contribution is

significant in InAs, owing to its weak spin-orbit coupling.
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I. Introduction

Semiconductor materials such as InSb, InAs and HgCdTe are used in opto-electronic

applications including quantum cascade lasers, terahertz generation, and saturable absorbers [1-

2]. These applications involve generation of high levels of charge carriers that render it important

to understand the effect of photoexcited carriers on the material optical properties. In addition,

high-intensity light propagation in semiconductors can be strongly affected by the generation of

a high density of photoexcited carriers. The incident light creates electron-hole pairs, some of

which recombine through a variety of mechanisms including the Auger, radiative, and Shockley-

Read-Hall (SRH) processes. Not all electron-hole pairs will recombine before the entry of the

next stream of photons, and the excess excited carriers will alter the photon absorption both

above and below the fundamental gap. As a result, the refractive index changes from its value at

equilibrium. Although there are a number of studies to accurately calculate the absorption and

carrier relaxation in semiconductors, only simplified models that use effective mass

bandstructures, the Boltzmann distribution for the carriers, and one-photon absorption (OPA)

across the band gap are currently being employed in the evaluation of refractive index changes

[3-7]. These calculations predict that the change in refractive index varies linearly with the

carrier density and increases with lattice temperature. The contribution from free carrier

absorption (FCA) is only considered within the Drude approximation [8].

In this paper, we use full band structures and Fermi-Dirac (FD) statistics for photo-excited

carriers to systematically calculate the change in refractive index arising from both OPA and

FCA in four direct band-gap semiconductors: two having band gaps less than 0.21 eV (InSb and

Hgo.762Cdo.238Te)and two having a band gap approximately 0.35 eV (InAs and Hgo.656Cdo.344Te).

The results from this accurate calculation differ from the existing results not only in the

magnitude, but also in the trend. The calculated change in refractive index (a) varies highly

nonlinearly with the excess carrier density in the two smaller band gap materials but almost

linearly in the two larger band gap materials, (b) has a considerable contribution from FCA in

InAs, where the spin-orbit (SO) splitting is small.
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II. Formalism:

The photoexcited carriers in the conduction and valence bands modify the absorption

spectrum, which results in a change in the refractive index through the Kramers-Kronig relation

between the real part of the refractive index, nl, and the absorption coefficient, a(OJ),

n)(OJ)-I=~P f",a(OJ')da>,
1r 0 ~",\,2 2LV -OJ

(1 )

where c is the speed of light, 00is the angular frequency, and P indicates principle value of the

integral. The refractive index change, ~nl, arising from the excess carriers, can be calculated

from [9]

~) (00) =~p r a(oo',~N) - a(oo',O) ,
1t ~.",2 2 dooVJ -00

(2)

where a(OJ',L1N)and a(OJ',O)are the absorption coefficients at angular frequency of 00' in the

presence of photoexcited electron-hole pairs with the density of L1Nand in equilibrium,

respectively.

The absorption coefficient is related to the imaginary part of the dielectric function,

82(00),via a(OJ)= W82(W). For a small change in refractive index, nl(OJ)in this relation can be
n)(OJ)c

replaced by nO1(OJ),which is the refractive index for the system in equilibrium. The absorption

change can then be written in terms of the change in the dielectric function,

a(oo,~N) - ao(oo) = 000 [82(oo,~N) - 82 (00,0)]
n1 (oo)c

(3 )

where 82(W,0) and 82(w,iJN) are the imaginary part of the dielectric function for the system in

equilibrium and in the presence of additional electron-hole pairs with density iJN, respectively.

Among many absorption processes the FCA and OPA are most sensitive to the carrier

occupation in a small band-gap material. The OPA excites an electron from the valence band into

the conduction band when the photon has energy greater than the band gap. To achieve this
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interband transition, the initial state in the valence band must be occupied and the final state in

the conduction band must be vacant. The photoexcited carriers change the occupation in both

conduction and valence bands when compared to the system in equilibrium and thus modify the

OPA. When the energy of a photon is not large enough to enable the valence band to conduction

band transitions, the carriers can still absorb the photon through intra-band transitions (with the

help ofphonons) and inter-valence band transitions, commonly known as FCA. Since both these

processes are proportional to the number of carriers, the photoexcited carriers will modify the

FCA spectrum as well.

We calculate the change in dielectric function arising from the OPA and FCA by

electrons and holes using accurate band structures and wave functions from a long-range tight-

binding Hamiltonian [10]. The OPA contribution to 82(m,i1N) can be calculated from

47l'2e2 2
82(m,AN) = 2 2 IIPnm(k)1 f(Emk)[I- f(Enk) ]8(Enk - Emk - ;U») , (4 )

3mom nmk

where e is the electron charge, mo is the free-electron mass, nand m are the conduction and

valence band indices, respectively, Enkand Emkare the corresponding band energies, and Pnmare

the interband momentum matrix elements.fis the charge carrier distribution function,

f(Emk) = [1+ eP(Emk-JJh)rl

f(Enk) = [1+ eP(Enk-JJ')rl
(5 )

where Peand Ph are the Fermi levels for electrons and holes respectively, which are determined

from the density of photo excited electron-hole pairs, i1N. When i1N=O, f.1eand Phare equal.

The FCA contribution to 82(m,i1N) includes two parts. The first is that electrons in the

conduction bands (or holes in the valence bands) absorb an LO photon and make a transition to a

higher-energy state within the same band. This contribution is calculated from

87l'3e4m

(
1 1

)82(m,AN)= .. 3 2~ --- If(Enk)RnkOJ mo 1<:00 1<:0 nk

( 6)

R.. =~(NLO+~+~)(nHq e:' nk~(nk~eJ opnk)-( nk+q~ej opnk+Q)) (7)

where n is the band index, nOJwis the LO phonon energy, and Nw is the number ofLO

phonons that can be obtained from the Bose-Einstein distribution function. We have used the

Frohlich Hamiltonian to decribe the coupling between the electrons and LO-phonons. The
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. second arises from photon absorption by holes, without a phonon, making a direct transition

between the heavy-hole and light-hole valence bands. This contribution is calculated from

47l'2e2 2
slOJ,MV) = 2 2 L:IPmm'(k)1 f(Emk)[I- f(Em.k)]8(Em'k -Emk -nOJ), (8)

3moOJ mm'k

where m and m ' are valence-band indices.

It should be noted from Eqs. (2) and (3) that the dielectric function needs to be computed

over a very large frequency range even if L1nlis evaluated only near the band edge frequencies.

In addition, a careful numerical evaluation of the integral in Eq. (2) is required because of the

singularity in the integrand.

III.Results and discussions

To test the accuracy of the band structures and dipole matrix elements used in our

calculations, we have computed the OPA coefficients in InSb and lnAs and found those to be in

excellent agreement with the measured values. The dielectric function and the change in the

refractive index are then calculated for the two materials with band gap Egof 0.35 eV -- lnAs

and Hgo.656Cdo.344Te, and the two smaller band-gap materials-InSb (Eg=0.173eV) and

HgO.762Cdo.238Te (Eg=0.206 eV). The spectra of nO1(OJ)used in our calculations are from the

literature [11-14].

Figure 1 shows the calculated change in refractive index as a function of wavelength due

to the FCA and OPA in InSb at two densities of photoexcited electron-hole pairs --- LlN=1016

and 1017cm-3.We see that the FCA contribution depends weakly on the wavelength. However,

the OPA contribution shows a steep change near the band gap. This variation can be easily

understood from Eq. (2). In the presence of photoexcited carriers, the band edge states are filled

and the joint density of states of electrons and holes available for absorption decreases and the

OPA is reduced. Thus the numerator of the integrand in Eq. (2) is either zero (for (J)'< (J)g)or

negative (for OJ'> OJg)with OJgbeing the band gap frequency. When the frequency rocrosses OJg,

the denominator of the integrand changes sign and, consequently; Llnl(OJ)changes sign.

The calculated value of L1nlat')..,=9.5 11mis shown in Fig. 2 as a function of photoexcited

carrier density in InSb and HgO.762Cdo.238Te. We see that in both materials the OPA contribution

dominates over the FCA contribution to the L1nl.Interestingly, the FCA contribution is positive,

which is opposite of the OPA contribution at this wavelength. Similarly calculated results at ')..,
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=4.8 Ilm for the larger band-gap materials - InAs and Hgo.656Cdo.344Te - are plotted in Fig. 3.

In this case, both FCA and OPA reduce the refractive index. Although both materials have the

same band gap, in the HgCdTe alloy the dominant contribution is from the OPA, whereas in

InAs both FCA and OPA have comparable contributions. To understand the different level of

contribution ofFCA to the refractive-index change, we plot the FCA cross section cr,as a

function of wavelength in Fig. 4 for these two materials. The numerator of the integrand in Eq.

(2) for the FCA process is proportional to this cross section and the FCA contribution to L1nlat a

photon wavelength A.is roughly proportional to the difference in the areas below and above that

A.in Fig. 4 We see that the absorption for wavelengths below A.=4.8 Ilm is negligible in InAs,

but is significant in the HgCdTe alloy. Owing to a larger cancellation, the FCA contribution is

smaller in the HgCdTe alloy. We explore further to understand the origin of the difference in the

absorption spectrum of Fig. 4. In our calculations we found that most of the FCA arises from the

transitions of holes from the heavy-hole to light-hole bands. Hence the different FCA spectra can

be understood from the valance band structures in the two materials. We plot in Fig. 5 the energy

difference between the heavy-hole and the light-hole valence bands as a function of wave vector

k in symmetry directions for InAs and Hgo.656Cdo.344Te. In both cases the energy difference

increases rapidly at small values ofk, but saturates at 0.25 eV as the wave vector increases

further in InAs. This small saturation value can be attributed to the weak SO coupling (0.38 eV)

in InAs, which repels the light-hole valence band closer to the heavy-hole valence band.

Absorption of photon with a larger energy than this saturation value is not possible. In the

HgCdTe alloy, however, a larger SO coupling (0.95 eV) allows the light hole band to move

farther away from the heavy-hole band, resulting in absorption at shorter wavelengths. Hence the

relative contribution from OPA and FCA depend critically on the subtle details of the band

structures.

The sum of the FCA and OPA induced change in refractive index, calculated at 4.8 Ilm

for the large gap materials and at 9.5 Ilm for the small gap materials, is shown in Fig. 6 as a

function of the density of photoexcited electron-hole pairs. Clearly the variation is nonlinear for

the two smaller band-gap materials. An accurate fit to the total change indicated that variation is

nonlinear even for the larger band-gap materials. Excellent fits to all four materials are obtained
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by usinga functionalform~nl =a(1- e-bLlN). Onlyfor small~N « 1016cm"3)does the

refractive index change linearly with ~N. The fitted values of a and b are given in Table I.

It is interesting to estimate the effect of temperature on the OPA induced change in the

refractive index. In our calculation with FD statistics and full band structures, the excess carrier

induced change in OPA is nearly temperature independent. However, for example, the band gap

in InSb changes from 0.173 eV at 300K to 0.234 eV at 77K. Since the contribution arising from

OPA is nonzero only when m'> mg,the denominator of the integrand in Eq. (2) is larger at T=77

K than at 300K, resulting in smaller change in the index. This conclusion is in contradiction with

the previous studies [5,6], which used simplified band structures and Boltzmann distribution.

IV.Conclusions

In conclusion, we have calculated the change in refractive index arising from both the

OPA and the FCA using full band structures for four materials, InSb, HgO.762Cdo.238Te, InAs, and

HgO.656Cdo.344Te.We focus on the refractive-index change at A=9.5Jlmfor the first two materials

that have band gaps less than 0.21 eV and at A=4.8Jlm for the last two materials that have a band

gap of 0.35 eV. The calculations show that the FCA contribution is not negligible and is

comparable to the OPA contribution in InAs that has a small SO splitting. The calculated

dependence of the change in refractive index on the density of photoexcited electron-hole pairs is

strongly nonlinear in InSb and Hgo.762Cdo.238Te and moderately nonlinear in InAs and

HgO.656Cdo.344Te. Furthermore, the change in refractive index for InSb due to the OPA is smaller

at lower temperatures than at room temperature because of a larger band gap at low

temperatures.

This work was supported by the Air Force Materials Laboratory at Wright-Patterson

AFB through Anteon Corporation contract (USAF-5400-03-SC-0006).

7



References

1. W. S. Pelouch and L. A. Schlie, "Ultrafast carrier dynamics and saturable absorption in
HgCdTe", Appl. Phys. Lett. 68, 1389-1391 (1996).

2. S. Kono, P. Ou, M. Tani, and K. Sakai, "Temperature dependence ofterahertz radiation from

n-type InSb and n-type InAs surfaces", Appl. Phys. B 71, 901-904 (2000).
3. For a review see, D.M. Kovsh, S. Yong, D.J. Hagan, and E. Van Stryland, "Nonlinear

Optical Liquid for Power Limiting", SPIE 3472, 163-177 (1998).
4. D.H. Auston, S. McAffee, C.V. Shank, E.P. Ippen, and O. Teschke, "Picosecond

spectroscopy of semiconductors", Solid State Electron. 21,147-150 (1978).
5. D. A. B. Miller, C. T. Seaton, M. E. Prise, and S. D. Smith, "Band-gap-resonant nonlinear

refraction in III-V semiconductors", Phys. Rev. Lett. 47, 197-200 (1981).

6. E. W. van Stryland, Y.Y. Wu, D.J. Hagan, M.J. Soileau, K. Mansour, "Optical limiting with
semiconductors", J. Opt. Soc. Am. 5, 1980-1989 (1988).

7. P. P. Paskov and K. R. Koynov, "A theoretical analysis of absorption and refractive index
changes in optically excited Inl-xOaxSb",Semicond. Sci. Technol. 9, 1584-1590 (1994).

8. P. Paskov, "Refractive indices ofInSb, InAs, OaSb, InAsSb and InOaSb: Effects of free
carriers", J. Appl. Phys. 81, 1890 (1997).

9. J.1. Pankove, Optical Processes in Semiconductors (Dover, New York, 1975), pp 90.

10. A.B. Chen and A. Sher, Semiconductor Alloys (Plenum, 1995), Ch. 5.

11. Z. Kucera, "Dispersion of the refractive index of Hgl-xCdxTe",Phys. Status Solidi A, 100,
659-665 (1987).

12. S. Rolland, "Dielectric constant and refractive index of HgCdTe" in Properties of Narrow
Gap Cadmium-Based Compounds, P. Capper, ed (INSPEC, IEE, London, 1994). Pp 80-85.

13. E.D. Palik and R.T. Holm, "Indium Arsenide" in Handbook of Optical Constants of Solids,
D. Palik, ed (Academic, San Diego, 1998) pp 479-489.

14. R.T. Holm, "Indium Antimonide" in Handbook of Optical Constants of Solids, D. Palik, ed
(Academic, San Diego, 1998) pp 490-502.

8



Table 1: Fit parameters to obtain the calculated change in refractive index at 300K

9

Parameters InAs Hg1-xCdxTe InSb Hg1-xCdxTe

(x=O.344) (x=O.238)

a 0.13067 0.14536 0.077854 0.12091

b 8.1952e-19 7.07ge-19 2.9875e-18 1.6804e-18



Figure Captions:

Figure 1: Refractive-index change due to the FCA and OPA as a function of the photon

wavelength in InSb with ~N = 1016and 1017cm-3 at room temperature.

Figure 2: Refractive-index change at A= 9.5 J.lmdue to the FCA and OPA as a function of ~N

in InSb and HgO.762Cdo.238Te at room temperature.

Figure 3: Refractive-index change at A=4.8 J.lmdue to the FCA and OPA as a function of ~N in

InAs and HgO.656Cdo.344Te at room temperature.

Figure 4: Cross section ofthe FCA cras a function of the photon wavelength in InAs and

HgO.656Cdo.344Te at room temperature.

Figure 5: Energy difference between the heave-hole and light-hole valence bands as a function

of wave vector for InAs and Hgo.656Cdo.344Teat room temperature.

Figure 6: Total change in the refractive index ~nl at A = 4.8 J.lmfor InSb and HgO.762Cdo.238Te

and at A = 9.5 J.lmfor InAs and Hgo.656Cdo.344Teas a function of ~N at room temperature.
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Figure 1 Yu et al
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Figure 5 Yu et al Figure 6 Yu et al
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